Abstract. Cytokines produced in the tumour microenvironment exert an important role in cancer pathogenesis and in the inhibition of disease progression. Cancer of the cartilage is termed metastatic chondrosarcoma; however, the signaling events resulting in mesenchymal cell transformation to sarcoma have yet to be fully elucidated. The present study aimed to characterize the cytokine expression profile in the human JJ012 chondrosarcoma cell line, as well as the effect of cytostatic proline-rich polypeptide-1 (PRP-1). Western blot experiments demonstrated that the levels of suppressor of cytokine signaling 3 (SOCS3) were upregulated in chondrocytes compared with chondrosarcoma cells. Addition of PRP-1 restored the expression of the tumor suppressors, SOCS3 and ten-eleven-translocation methylcytosine dioxygenase 1 and 2 (TET1/2), in a dose-responsive manner. It is known that methylation of histone H3K9 was eliminated from the promoters of the inflammation-associated genes. PRP-1 inhibited H3K9 demethylase activity with an IC 50 (concentration required to give half-maximal inhibition) value of 3.72 µg/ml in the chondrosarcoma cell line. Data obtained from ELISA experiments indicated that the expression of interleukin-6 (IL-6) in chondrosarcoma cells was 86-fold lower compared with that in C28 chondrocytes. In the present study, a 53-fold downregulation of IL-6 expression in co-culture of chondrosarcoma cells and C28 chondrocytes was identified as well. Downregulation of IL-6 expression has been documented in numerous other tumor types, although the reasons for this have not been fully established. In chondrosarcoma, IL-6 manifests itself as an anti-inflammatory agent and, possibly, as an anti-tumorigenic factor. To explore protein-DNA interactions leading to such differences, a gel-shift chemiluminescent assay was performed. Gel shifts were observed for chondrosarcoma and chondrocytes in the lanes that contained nuclear cell extract and oligo-IL-6 DNA. Notably, the DNA-protein complexes in C28 chondrocytes were markedly larger compared with those in chondrosarcoma cells. The mechanisms that underpin such differences, and characterization of the interacting proteins, remain to be fully elucidated.
Introduction
It is now widely accepted that the risk of cancer may increase as a result of chronic inflammation, and that cytokines and growth factors have very important roles in this process. Cytokines are secreted proteins necessary for the co-ordination of immune responses, homeostasis, cell communications and cancer, which is a cell type context-dependent process.
Understanding the involvement of certain cytokines in the failed differentiation programs that lead to cancer or a loss of tumor-suppressive functions is undoubtedly one of the challenges in modern molecular immuno-oncology (1) . The inflammatory cells and regulators may facilitate angiogenesis and promote the growth, invasion and metastasis of tumor cells. Previous research regarding inflammation-associated cancer development has focused on cytokines and chemokines, as well as their downstream targets in linking inflammation and cancer.
Chondrosarcoma is cancer of the cartilage. It is the second most common primary bone malignancy, which affects the pelvis, long bones and spine, as well as the larynx and the head and neck, which eventually metastasizes. The signaling events resulting in mesenchymal cell transformation to sarcoma have yet to be fully elucidated. Chondrosarcoma does not respond to chemotherapy or radiation; therefore, the search for novel therapies is very urgent (2) .
This study aimed to characterize the cytokine expression profile in the human JJ012 chondrosarcoma cell line compared Effect of cytostatic proline rich polypeptide-1 on tumor suppressors of inflammation pathway signaling in chondrosarcoma with C28 chondrocytes. The effect of the mammalian target of rapamycin complex 1 (mTORC1) inhibitor and anti-proliferative immunomodulator, proline-rich polypeptide 1 (PRP-1) (3-7), on the expression of cytokines, tumor suppressors SOCS3, TET1/2 and oncoproteins of inflammatory oncogenic pathways, including the Hedgehog and Hippo pathways, was also investigated. PRP-1 is a powerful upregulator of tumor suppressor microRNAs (miRNAs) and proteins, and a downregulator of oncoproteins, as reported in previous publications from our laboratory (8) (9) (10) . Ten eleven translocation (TET) enzymes, a family of α-ketoglutarate (α-KG)-dependent dioxygenases, catalyse the oxidative reactions of 5-methylcytosine (5mC) to promote the DNA demethylation process. TET (methylcytosine dioxygenase) enzyme activity is inhibited in IDH1/2-mutated tumors by the oncometabolite, 2-hydroxyglutarate, an antagonist of α-KG linking 5mC oxidation with cancer development (11) (12) (13) (14) (15) (16) . Increased levels of D2 hydroxyglutarate (D-2-HG) have been identified in cartilage tumors that possess an IDH1 or an IDH2 mutation (17) . A recent report has demonstrated that TET-1 and -2 are present in human chondrocytes, and that TET1 expression was markedly reduced by inflammatory factors (18) . Hippo and Hedgehog signaling contribute to malignancies of mesenchymal origin. These two pathways are associated with inflammation, and promote tumorigenesis in numerous diseases, including soft tissue sarcomas, chondrosarcomas, and so forth (19) (20) (21) (22) (23) . The Hedgehog pathway is associated with inflammation and cancerogenesis (24) (25) (26) . The network of Hippo signaling regulates the specific enrichment of genes involved in immune and inflammatory responses (27) .
Materials and methods
Tissue culture. The complete growth medium for the human JJ012 chondrosarcoma cells (obtained from Dr Joel Block's Laboratory, Rush University, Chicago, IL, USA) and C28 chondrocytes comprised the following: Modified Eagle's medium (DMEM)/MEM (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with F12, 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), 25 µg/ml ascorbic acid, 100 ng/ml insulin, 100 nM hydrocortisone and 1% penicillin/streptomycin. Growth medium for the bone marrow-derived mesenchymal stem cells (ATCC ® PCS-500-012; American Type Culture Collection, Manassas, VA, USA), Mesenchymal Stem Cell Basal medium, comprised the following: Fetal bovine serum, 485 ml, 7% (v/v); recombinant human (rh) insulin-like growth factor-1, 15 ng/ml; rh basic fibroblast growth factor, 125 pg/ml; L-alanyl-L-glutamine, 2.4 mM; gentamicin, 10 µg/ml; amphotericin B, 0.25 µg/ml; and penicillin/streptomycin, 1% (v/v).
Enzyme-linked immunosorbent assay (ELISA). A Human
Inflammatory Cytokines Multi-Analyte ELISArray kit (cat. no. MEH-004A; Qiagen, Valencia, CA, USA) was used to detect a panel of 12 cytokines following a conventional ELISA protocol, according to the manufacturer's protocol. The ELISA panel included: Interleukin (IL)-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-17A, interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α) and granulocyte-macrophage colony-stimulating factor (GM-CSF).
Polyacrylamide gel electrophoresis and western blotting. Upon confluency, the cells were trypsinized and seeded in 6-well cluster dishes at a concentration of 1x10 6 cells/ml. The experimental samples were treated with PRP-1 in corresponding concentrations, whereas control samples were not treated with the peptide. The cells were incubated for 24 h in a 5% CO 2 incubator at 37˚C. On the following day, the cells were washed with ice-cold phosphate-buffered saline. A protease inhibitor (P8340; Sigma-Aldrich, St. Louis, MO, USA) was added to the cell lysis buffer (C2978; Sigma-Aldrich) in a 1:100 ratio. The cells were collected with a scraper and centrifuged at 15,000 x g at 4˚C. The samples were loaded and run according to the manufacturer's protocol. The gel running time was ~1 h at 100 V, after which the gel was transferred for western blotting. PVDF membranes were briefly treated in methanol, distilled water and transfer buffer prior to the western blot transfer, which was performed in a cold room for a further hour.
The membranes were then subjected to incubation with blocking buffer on the rocker at room temperature for 1 h. Subsequently, the membranes were incubated with primary antibodies overnight in the cold room. All primary and secondary antibodies were diluted in the identical blocking buffer. The following day, the membranes were washed three times (15 min each wash) in Tween/PBS wash buffer and subjected to incubation with secondary antibodies for 2 h at room temperature, followed by three consecutive washes. Enhanced chemiluminescence (ECL) reagent was applied to the membrane according the manufacturer's protocol, and X-ray film was developed in the dark room following exposure for ~2-10 min, depending on the experiment.
Reagents were purchased from Lonza, Inc. (Walkersville, MD, USA), and all the associated procedures were performed according to the manufacturer's protocol. 
#7074).
Nuclear extraction. A nuclear extraction kit (cat. no. #40010; Active Motif, Carlsbad, CA, USA) was used to prepare the nuclear extracts from the chondrosarcoma, adult mesenchymal stem and chondrocytic C28 cells, according to the manufacturer's protocol.
G e l -s h if t /ge l re t a rd a t i o n a s s a y.
A G e l s h i f t™ Chemiluminescent electrophoretic mobility shift assay (EMSA) kit (cat. no. #37341; Active Motif) was used to analyze the protein-DNA interactions. The principle behind EMSA relies on the fact that DNA-protein complexes migrate slower than DNA alone in a native polyacrylamide or agarose gel. The difference in electrophoretic separation of DNA-protein complexes can be visualized as a 'shift' in migration of the labeled DNA band. Briefly, nuclear extracts were incubated with a biotin 3'-or 5'-end-labeled DNA probe containing the consensus binding site of interest. Samples were resolved by electrophoresis on a retardation 6% polyacrylamide gel (cat. no. #EC6365BOX; Life Technologies, Thermo Fisher Scientific, Inc.) and transferred to a nylon membrane (cat. no. #LC2003; Novex, Thermo Fisher Scientific, Inc.). The electrophoresis unit was filled with 0.5X Tris/borate EDTA (TBE; cat. no. #B52, Thermo Fisher Scientific, Inc.) immediately below the bottom of the wells.
Gels were pre-run at 100 V. During the pre-run, control DNA and sample DNA binding reactions were performed, according to the protocol provided in the manual. Once the pre-run of the gel was finished, 20 µl of sample containing loading buffer was loaded onto the gel. The gel was run until the Bromophenol blue dye had migrated three-quarters of the way down the length of the gel. The free biotin control-DNA duplex migrated immediately behind the Bromophenol blue. Subsequently, the binding reactions were transferred to nylon membranes at 380 mA (100 V) for 30 min. This step was followed by the crosslink transfer of DNA to the membrane using a transilluminator for 10-15 min. The ECL method was applied to detect biotin-labeled DNA. The membrane was subsequently placed into a film cassette and exposed to X-ray film for 2-5 min. The biotin end-labeled DNA probe was detected using streptavidin conjugated to HRP and a chemiluminescent substrate. These extracts were incubated with a biotin 3'-or 5'-end-labeled DNA probe with an IL-6 consensus sequence.
Duplex IL-6 oligonucleotide sense and antisense sequences. Histone H3K9 demethylase activity assay. The quantification of H3K9-specific histone demethylase activity was performed using the EpiSeeker Histone H3 (K9) Demethylase Activity Quantification Assay kit (cat. no. #113458; Abcam), according to the manufacturer's protocol.
Statistical analysis.
All experiments were performed in triplicate, and P<0.05 was considered to indicate a statistically significant value. Data analysis was performed using a one-way analysis of variance (ANOVA) unpaired t-test (GraphPad Prism; GraphPad Software, San Diego, CA, USA).
Results
A panel of 12 human inflammatory cytokines from the Human Inflammatory Cytokines Multi-Analyte ELISArray kit (Qiagen) were tested. Even though the goal of the present study was to make a comparison of cytokine expression primarily between the JJ012 human chondrosarcoma cell line and C28 chondrocytes, the results for the adult mesenchymal cell line were also included in the text, as well as those of the co-culture experiments. The experimental data pointed towards an absence of any differences in the expression of the cytokines among the cell lines, with the exception of IL-6. The expression of IL-6 in the JJ012 human chondrosarcoma cells was 86-fold lower compared with the C28 chondrocytes, based on the ELISA results. A 53-fold downregulation of IL-6 expression in co-culture of chondrosarcoma cells and C28 chondrocytes was demonstrated compared with the C28 chondrocytes (Fig. 1) . The expression of IL-6 was 56-fold lower compared with mesenchymal adult cells, and a 65-fold downregulation of IL-6 expression in co-culture of mesenchymal stem cells and JJ012 cells was observed in comparison with its expression in mesenchymal cells. PRP-1 did not affect the levels of IL-6 (data not shown). From these experiments, it is possible to conclude that IL-6 manifested itself as an anti-inflammatory and, possibly, as an anti-tumorigenic factor.
To explore protein-DNA interactions leading to such differences, a gel-shift chemiluminescent assay was performed (Fig. 2) . As shown in Fig. 2 , the commercially supplied control is shown in lanes 1-3: In lane 2, the band-shift was observed due to the presence of biotinylated control and control nuclear extract. In lane 1, in the absence of the control nuclear extract, no shift was observed, since the reaction lacked protein to bind to the oligo-IL-6 DNA, and thereby to cause a shift. In lane 2, the target protein was present in the control nuclear extract, and bound to the biotin-labeled control DNA, thereby causing a shift compared with the reaction in lane 1. In lane 3, no shift was detected: The excess of unlabeled control DNA competed for binding of the target protein in the control nuclear extract. This experiment verified that the signal observed in lane 2 resulted from specific DNA-protein interactions.
Gel-shifts were also observed for chondrosarcoma cells and chondrocytes in the lanes with nuclear cell extract and oligo-IL-6 DNA. Notably, the DNA-protein complex in C28 cells was revealed to be markedly larger compared with chondrosarcoma cells: In the experimental samples, shown in lanes 4-6 for the JJ012 chondrosarcoma cells and lanes 7-9 for the C28 chondrocytes, band-shifts were observed in lanes 5 and 8 for the JJ012 and the C28 cells, respectively. Those lanes featuring gel-shifts included oligo-IL-6-biotinylated duplex with corresponding extracts either from the JJ012 or C28 cells, and the protein present in those nuclear extracts was able to bind to the IL-6 DNA. Lanes 4 and 7 featured oligo-IL-6-biotinylated duplex; lanes 6 and 9 featured oligo-IL-6 biotinylated with corresponding nuclear extract and unlabeled IL-6 control, respectively, and therefore no shifts were observed in those lanes. Most importantly, in lane 8 for the C28 chondrocytes, the shifted band pertaining to the DNA-protein complex was much larger compared with that in lane 5 for the human JJ012 chondrosarcoma cells.
Western blot analysis demonstrated upregulated expression levels of SOCS3 in chondrocytes compared with the JJ012 chondrosarcoma cells (Fig. 3) . Addition of PRP-1 restored the expression of SOCS3 in the JJ102 cells in a dose-responsive manner. No marked differences in the expression levels of signal transducer and activator of transcription 3 (STAT3) or Smad2 proteins were observed between the JJ012 cells and the C28 chondrocytes. SOCS3, in certain tumors, has been revealed to be a tumor suppressor, for example, in breast cancer cells, and its expression was determined to be independent of STAT (28, 29) . In the present study, a marked upregulation in the level of TGF-β was observed in chondrocytes, contrasted with a marked downregulation of TGF-β expression in the chondrosarcoma cells (Fig. 3) . Addition of PRP-1 failed to restore the expression levels of TGF-β.
The expression levels of regulatory proteins of the Hedgehog and Hippo signaling pathways in the human JJ012 chondrosarcoma cell line are shown in Figs. 4 and 5 , respectively. PRP-1 did not exert any effect on the tumor suppressors or oncoproteins of those respective pathways. Other western blot analyses were performed to measure the expression levels of the proteins TET1 and TET2 in the human JJ012 chondrosarcoma cell line, since their downregulation is an early event in cell transformation, and these proteins act predominantly as tumor suppressors. A dose-responsive upregulation in the expression levels of the TET1 and TET2 proteins was observed (Fig. 6) . From the epigenetic standpoint, PRP-1 was revealed to inhibit H3K9 demethylase activity with an IC 50 (concentration required to give half-maximal inhibition) value of 3.72 µg/ml in the human JJ012 chondrosarcoma cell line (Fig. 7) . Figure 3 . PRP-1 upregulates SOCS3 expression in a dose-responsive manner in the human chondrosarcoma JJ012 cell line. The tumor suppressor, SOC3, was markedly downregulated in the human JJ012 cell line compared with C28 chondrocytes. Addition of PRP-1 restored the expression of SOC3 (the band was detected at ~30 kDa). The expression of TGF-β (band detected at 25 kDa) was reduced in the C28 cells, and although it was markedly higher in C28 chondrocytes, PRP-1 failed to elicit any effects on TGF-β expression. No differences in STAT or Smad2 protein expression were identified between the C28 and JJ012 cell lines. All primary antibodies were used at 1:1,000 dilution, and secondary antibodies at 1:5,000. α-tubulin was used as a protein loading control, and each pairing of lanes (1-10) represents the identical experiment performed in duplicate. SOCS3, suppressor of cytokine signaling 3; STAT, signal transducer and activator of transcription 3; PRP-1, proline-rich polypeptide 1; TGF-β, transforming growth factor-β. 
Discussion
The marked downregulation of IL-6 expression in the human JJ012 chondrosarcoma cell line compared with C28 chondrocytes prompted further elucidation of the putative mechanism involved in this process. Reduced expression of IL-6 as a growth inhibitor and differentiation factor has been reported in certain tumors, and this has been linked with the compromised differentiation program for a number of carcinoma and leukemia cell lines (30) (31) (32) (33) . Tumor rejection and long-term survival rates have been reported in response to IL-6. It is important to mention that IL-6 manifests itself either as an anti-inflammatory or a pro-inflammatory cytokine (30) (31) (32) (33) . IL-6 expression has often been determined to be within normal levels in well-differentiated forms of thyroid carcinoma, although it was markedly suppressed in undifferentiated forms of thyroid carcinomas (34) . A sarcomatoid component is present in these types of tumors. Anaplastic thyroid carcinomas (ATCs) of sarcomatoid appearance are characterized by spindle cells and giant cells, which are the most frequent cells observed in ATC. Primary sarcomas simulating a sarcomatoid ATC have been reported in case reports for many types of sarcoma, including chondrosarcoma (35) . The gel-shift assay revealed the presence of a larger protein IL-6-DNA complex in the C28 chondrocytes compared with the chondrosarcoma cells. The characteristics and origin of the proteins, and the mechanisms which are responsible for such differences, have yet to be investigated. Another aspect that deserves further investigation is the regulation of IL-6 by miRNAs, and their involvement in the regulation of the differentiation program. Our group has previously demonstrated that the downregulation of miR181b leads to the downregulation of its target protein, IL-6 (36).
The upregulation of SOCS3, TET1 and TET2 expression in a dose-dependent manner by PRP-1 further demonstrates the ability of this cytokine peptide to upregulate tumor suppressor genes in general (8) (9) (10) . Even though PRP-1 did not exert any effect on tumor suppressors or oncoproteins of the Hippo or Hedgehog signaling pathways, there was an important conclusion to consider: The inhibition of tumor suppressors by PRP-1 depends on the pathway these tumor suppressors represent or are involved in. TET1 and TET2 act predominantly as tumor suppressors. Re-introduction and overexpression of these proteins is able to restore the 5hmC content, and to suppress invasion and growth in certain tumors (37) (38) (39) (40) (41) . A previous report revealed that a deficiency in SOCS3 may promote tumor development, since it has tumor suppressor functions in numerous cancer cell types (29) . It was demonstrated that SOCS3, in certain circumstances, acts as a regulator of pathways and processes that are unrelated to the STAT signaling cellular pathways. SOCS3 attenuates pro-inflammatory signaling (42) , and its deficiency promotes inflammation (43) . However, the role exerted by SOCS3 during bone inflammation is complex, and effects may work in opposition to each other; therefore, knowledge of further mechanistic details concerning the SOCS3 pathway are necessary for a better understanding of the processes of various bone inflammatory diseases. The epigenetic regulation of inflammation linked with oncogenesis has a central role. It is known that H3K9 methylation is eliminated from the promoters of inflammation-associated genes (44), and, therefore the mechanisms underpinning the inhibition of H3K9 demethylases merit further attention. The ability of PRP-1 to inhibit H3K9 demethylase activity was previously reported by our group (8) , and a possible mechanism of the peptide's function in the upregulation of tumor suppressors and in the downregulation of oncoproteins was proposed. In the present study, the PRP-1-mediated inhibition of H3K9 demethylase was associated with the process of inflammation, and the IC 50 value has been demonstrated.
In summary, cytokines produced in the tumour microenvironment have an important role in cancer pathogenesis and in the inhibition of disease progression. IL-6 family cytokines appear to be double-edged swords, since the development of bone cancers may be either prevented or enhanced by this family of cytokines, depending on the cell type, the stage of the tumor and the bone environment (45) . Observed downregulation of IL-6 in the human JJ012 chondrosarcoma cell line compared with the chondrocytes supports the hypothesis that IL-6 is acting as a differentiation/anti-inflammatory factor in this cellular context, indicating the possibility that a factor(s) or interacting proteins in the tumor have the ability to inhibit IL-6 expression. Understanding the differences in their expression patterns between the normal and malignant states, and the signaling pathways that lead to these differences, require further investigation as important targets for future therapeutic interventions. Metastatic chondrosarcoma does not respond to conventional therapies and the search for new therapeutic approaches is urgent (2) (3) (4) (5) (6) (7) (8) (9) (10) 36, 46) . The ability of PRP-1 as an antiproliferative agent to restore the expression of anti-inflammatory cytokines with tumor suppressor function proves the importance of this neuropeptide for future clinical consideration.
